C hronic kidney disease (CKD) is associated with increased cardiovascular-specific mortality in the general population, and this risk increases with progressive decline in the estimated glomerular filtration rate (eGFR) to dialysis dependence and end-stage renal disease (ESRD). 1, 2 Chronic kidney disease is also a well-recognized risk factor for adverse short-and long-term outcomes after vascular surgery. Chronic kidney disease is independently associated with excess 30-day mortality, with as much as 4.7 times the risk for postoperative death in patients undergoing thoracoabdominal and abdominal aortic repairs compared with patients with no kidney disease. 3, 4 Chronic kidney disease is a risk factor for 1-year mortality after peripheral vascular interventions and abdominal aortic aneurysm repair and for the combined outcome of stroke and all-cause mortality after carotid endarterectomy procedures.
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Acute kidney injury (AKI) is a common postoperative complication, and Huber et al 8 recently demonstrated that small and often disregarded changes in serum creatinine levels are independently associated with higher hospital and 90-day mortality, increased use of health care resources, and increased hospital cost of care after a broad range of vascular surgical procedures, even after adjusting for preoperative variables and other postoperative complications. Several recent studies using contemporary consensus definitions for AKI have suggested that postoperative AKI is an important risk factor for long-term mortality after major vascular surgery. 9-14 Unfortunately, these studies included only small patient cohorts and selected surgical procedures and largely failed to examine cause-specific mortality.
In a large, single-center cohort of patients undergoing major vascular surgery, we examined the associations between cardiovascular-specific mortality and kidney disease while adjusting for demographic variables, comorbidities, hemoglobin levels, and other competing causes of death.
Methods

Data Source and Participants
We queried the University of Florida Integrated Data Repository to assemble a single-center cohort of perioperative patients 18 years or older who were admitted to the hospital for longer than 24 hours after any type of major vascular surgery procedure from January 1, 2000, to November 30, 2010. 15 Final follow-up was completed July 2014 to assess survival through January 31, 2014. For patients undergoing multiple operations, we analyzed only the index procedure. We identified study participants as patients in whom the primary admission or discharge service was vascular or cardiothoracic surgery and who received a primary or secondary procedure code from the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) for vascular surgery (eTable 1 in the Supplement). 16 We subdivided procedure codes into categories as described previously 16 and excluded patients receiving dialysis access procedures and other procedures specified in eTable 1 in the Supplement. The final cohort consisted of 3646 patients. The study was approved by the institutional review board and privacy office of the University of Florida, which determined that informed consent was not needed for this study.
Mortality
The main outcome of the study was cardiovascular-specific mortality, with any other cause of death treated as a competing risk.
For the secondary analysis, cancer-specific mortality was treated as the main cause of death in a competing risk model. The date of death was determined using hospital records, the Social Security Death Index, and data from the Florida Bureau of Vital Statistics (detailed in the eMethods in the Supplement). Using the International Statistical Classification of Diseases and Related Health Problems, Tenth Revision, we classified the primary cause of death as cardiovascular specific (codes I00-I99, Q20-Q28, E10-E14, N00-N08, N10-N16, and N17-N19), cancer specific (codes C00-C97), and all other causes. We included diabetes mellitus and kidney disease in the expanded cardiovascular disease category to capture additional deaths that were related to CKD but traditionally not classified under cardiovascular diseases, as previously reported by Gansevoort et al. 1 For the sensitivity analysis, we used an alternative approach that was reported for the general population.
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Kidney Disease and Other Covariates
The main covariate was the presence of kidney disease during the index hospitalization. For all patients we calculated a preoperative reference eGFR by applying the CKD epidemiology collaboration equation using standardized reference serum creatinine levels, sex, race, and age. 19 For the reference serum creatinine level, we used the minimum of all values available within the 6 months before admission or the minimum and mean of the creatinine values available within the 7 days before admission (used for sensitivity analyses). 20 Patients with CKD who did not require renal replacement therapy and patients with ESRD who required renal replacement therapy before admission were identified by the previously validated combination of ICD-9-CM diagnostic and procedure codes (eMethods in the Supplement). 21 Patients with CKD were stratified using reference eGFR levels without criteria for albuminuria as having mild (eGFR, ≥60 mL/min/1.73 m 2 ), moderate (eGFR, 30 to <60 mL/min/1.73 m 2 ), and severe (eGFR, <30 mL/min/1.73 m 2 ) CKD according to guidelines from Kidney Disease: Improving Global Outcomes (KDIGO). 22 We defined AKI using the consensus KDIGO criteria as at least a 50% and/or a 0.3-mg/dL increase in serum creatinine level (to convert to micromoles per liter, multiply by 88.4) relative to the preoperative reference value. 23 Patients with AKI were stratified according to the maximum change in serum creatinine level during the hospital admission in 3 stages. Stage 1 corresponded to a 50% change in serum creatinine level; stage 2, to a doubling in serum creatinine level; and stage 3, to a tripling or increase in serum creatinine level to 4.0 mg/dL or higher or the initiation of renal replacement therapy. The presence of underlying comorbidities was identified by ICD-9-CM codes based on previously validated criteria, 24 and
we calculated the Charlson-Deyo comorbidity index and grouped patients into score categories of 0, 1, 2, and 3 or higher. 
Statistical Analysis
Data were analyzed from June 1, 2014, to September 7, 2015.
The analytical plan followed the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) recommendations for observational cohort studies. 27 We used KaplanMeier estimates to calculate cumulative survival probabilities for all-cause mortality. We used the Fine and Gray proportional subdistribution hazards regression analysis to model cardiovascular-and cancer-specific mortality while treating any other cause of death as a competing risk. 28 We first modeled cardiovascular-specific mortality using the occurrence of kidney disease during the index hospitalization as the primary covariate of interest and adjusted for preoperative covariates, including age, sex, ethnicity, comorbidities via the CharlsonDeyo comorbidity index, 29 admission hemoglobin levels, and emergent surgery status. To better examine the effect of the renal insult on outcomes, we constructed a second model stratifying the AKI covariate into stages 1 through 3 and the CKD covariate into mild, moderate, and severe disease while adjusting for the same covariates as the first model. We developed a third model for cardiovascular-specific mortality that accounted for individual comorbidities; admission medications; surgery type; the preoperative covariates age, sex, ethnicity, and admission hemoglobin level; and emergent surgery status. The occurrence of kidney disease was not stratified according to the severity of the insult in this model. Adjusted hazards ratios (HRs) with 95% CIs were reported for each covariate in the model. For internal validation and to assess prediction accuracy of competing risk models, we created independent validation data sets using a bootstrap cross-validation method. The prediction models were trained on 100 bootstrap samples that were drawn with replacement from the original data, and the models were assessed in the observations that were not in the bootstrap sample. Discriminative power was compared using the Harrell C index, 30 and sensitivity analyses were performed using alternative classifications for cardiovascular and cancer causes of death and using different methods for missing hemoglobin values and reference serum creatinine level (eMethods in the Supplement). The Bonferroni correction was used whenever more than 2 groups were compared. All significance tests were 2 sided, with P < .05 considered statistically significant. Fine and Gray modeling was performed using R, version 3.2.0, with the cmprsk package, 31 and all other statistical analyses were performed with SAS software (version 9.3; SAS Institute Inc).
Results
Baseline Characteristics and All-Cause Mortality
Baseline characteristics stratified by the occurrence of kidney disease and comorbidities are presented in Table 1 Long-term survival rates for patients with any form of acute or chronic kidney disease were significantly lower compared with patients with no known kidney disease after a median follow-up of 7 years (P < .001) ( Figure 1 and Figure 2 ). At 10 years of follow-up, unadjusted cumulative survival probability considering all-cause mortality was 59% for patients with no known kidney disease, whereas the survival probability ranged from 13% to 44% for patients with any form of kidney disease. The 10-year cumulative survival for patients with AKI but no CKD was comparable to that for patients with CKD but no AKI. The top 2 causes of death in our cohort were cardiovascular disease (845 of 
Competing Risk Models and Cardiovascular-Specific Mortality
Our final competing risk model for cardiovascular-specific mortality included the occurrence of kidney disease as the covariate of interest and was additionally adjusted for individual comorbidities, admission medications, surgery type and status, admission hemoglobin levels, and other demographic characteristics (Table 2 and Figure 3 ). Relative to the reference group with no known kidney disease, the multivariate proportional subdistribution hazards model (HR; 95% CI) showed that AKI with no CKD (2.07; 1.74-2.45), AKI with underlying CKD (2.99; 2.37-3.78), CKD without AKI (2.01; 1.46-2.78), and ESRD (4.90; 3.67-6.53) were independently associated with excess, longterm cardiovascular-specific mortality. Patients with AKI without CKD had an adjusted HR comparable to that of patients with CKD without AKI. Adjusted HRs were significantly elevated for age; the presence of previous myocardial infarction; comor- bid congestive heart failure, chronic obstructive pulmonary disease, and diabetes mellitus; and emergent surgery status. With an admission hemoglobin level of 12 g/dL or higher as the reference group, hemoglobin levels lower than 10 and 10 to 12 g/dL were also significantly associated with cardiovascularspecific mortality. Peripheral vascular procedures and lower extremity amputations were additionally associated with excess long-term mortality when endovascular thoracic and abdominal procedures were treated as the reference group. As in the unadjusted results, the cancer-specific mortality was less before the index hospital admission had an insignificant increase in the HR (95% CI) for cardiovascular-specific mortality (1.33; 0.70-2.55), whereas those for cardiovascular-specific mortality were significantly increased for patients with moderate (2.04; 1.35-3.06) or severe (2.49; 1.32-4.69) CKD before the index hospital admission. For internal validation of the study, we compared the performance of models in the training and validation cohort from multiple iterations. The C index values for our final multivariable competing risk model from training cohorts were 0.76, 0.72, and 0.70 at 1, 5, and 10 years, respectively. This model performed well, with C index values (95% CI) of 0.75 (0.71-0.77), 0.71 (0.69-0.73), and 0.69 (0.67-0.70) at 1, 5, and 10 years, respectively, simultaneously in the validation data set. Similar performances were observed for the other models, and no significant differences were found in the C index values of competing risk models applied to training and validation cohorts (P > .05 for all).
The unadjusted and adjusted cumulative incidence of cardiovascular-specific mortality was lower for patients with no known kidney disease relative to patients with AKI or CKD (Figure 2 and Figure 3) . Ten-year, adjusted, cardiovascularspecific mortality estimates were 17%, 31%, 30%, 41%, and 56% for patients with no known kidney disease, AKI without CKD, CKD without AKI, AKI with CKD, and ESRD, respectively (P < .001) (Figure 3) . Patients with AKI without CKD had a 10-year estimate of cardiovascular-specific mortality comparable to that of patients with CKD but no AKI. In contrast, 10-year adjusted cancer-specific mortality estimates were highest for patients with no known kidney disease at 8% and ranged from 2% for patients with ESRD to 5% for patients with AKI without CKD and AKI with CKD ( Figure 3) . Similar results were obtained in adjusted and unadjusted analyses when comparing patients grouped by sex, age, and type of procedure (eFigures 1-4 in the Supplement).
Discussion
In a cohort of patients undergoing major vascular surgery, AKI and CKD were associated with significant increases in long-term cardiovascular-specific mortality compared with patients with no kidney disease. This association was proportional to the severity of kidney disease independent of the patients' age, sex, comorbidity burden at admission, or the type of operation in the cohort that included open and have true organ damage, had a 43% increase in the adjusted HR for cardiovascular-specific mortality compared with patients with no kidney disease. The incidence of AKI alone was more than 3 times that of CKD alone, and patients with AKI alone had a cardiovascular-specific mortality comparable to that seen in patients with CKD alone for all periods.
Patients with AKI superimposed on underlying CKD constituted a smaller proportion of patients with AKI but had an even higher cardiovascular-specific mortality. Declining eGFR and the development of albuminuria, the clinical manifestations of CKD, are both important determinants of longevity in the general population.
32 Chronic kidney disease is a well-known risk factor for cardiovascular disease, and the absolute risk for death increases exponentially with decreasing renal function, even among patients without manifest cardiovascular disease. 33,34 Individuals with lesser stages of CKD are more likely to die of cardiovascular disease than to develop kidney failure requiring dialysis, whereas those with ESRD have as much as 30 times the cardiovascular mortality of the general population. [1] [2] [3] 35 Recent studies suggest that AKI might also be a risk factor for cardiovascular disease through the progression to CKD or through independent mechanisms. 36-40 Patients with AKI have an increased risk for coronary angiography, coronary artery bypass grafting surgery, myocardial infarction, congestive heart failure, and stroke regardless of any progression to CKD.
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Major open vascular surgery, with the risk for intraoperative hypotension and the frequent need to cross-clamp the aorta, has long had an association with renal failure. 44 Modern vascular surgery relies heavily on preoperative and, especially with endovascular procedures, intraoperative contrastenhanced imaging and thus carries an increased risk for contrast-induced AKI. The use of nephrotoxic broadspectrum antibiotics can increase the risk for AKI in the perioperative period for patients undergoing major vascular surgery. 45 The novel finding in this study is that major vascular surgery has high cardiovascular-specific mortality associated with AKI and CKD. This finding has important implications for the preoperative and perioperative management of the patient undergoing major vascular surgery. Efforts must then focus on AKI prevention in vascular surgery, mitigation of further injury when AKI has already occurred, and facilitation of renal recovery in patients with established AKI. More tools are available toward these goals than are commonly recognized. Goal-directed intraoperative management to reduce the risk for postoperative AKI through optimizing renal perfusion is feasible and underused. 46 The emergence of new biomarkers and imaging techniques has provided new tools for early risk stratification and diagnosis in the perioperative period. 47, 48 Standardized follow-up is important after an episode of AKI and can help to prevent the development of CKD. 49 This area can be addressed quickly and relatively easily because less than 50% of patients with the most severe AKI will have a follow-up creatinine level measured within the first 3 months of hospitalization, and follow-up is even less likely to be obtained after less severe AKI. 50 We acknowledge the limitations of all retrospective studies. With the use of multivariable adjustments and the evaluation of model discrimination on validation data sets, we have attempted to increase the internal validity of the competing risk models. Although our study used patients from a single center, which may limit our ability to generalize the findings, the study site is a large tertiary care center that receives a large number of referrals from all over the state and hence has a very heterogeneous patient profile with a wide range of procedures. To our knowledge, no prospective surgical cohort of this size and heterogeneity had concomitant data for kidney disease and cardiovascular mortality. We had only limited data concerning urine output or concerning AKI and preoperative albuminuria among patients with CKD; if available, those data could have strengthened our analysis. We used a combination of ICD-9-CM administrative codes and eGFR on admission to define CKD status. A recent systematic review demonstrated that, although sensitivity for coded CKD covariates was highly variable, specificity was high, with all studies reporting values of 0.90 or higher. 51 We have not attempted to link progression to ESRD among patients with AKI as a main determinant of cardiovascular mortality, although the evidence from patients with mild CKD suggests that death from cardiovascular disease is more likely than progression to dialysis. [1] [2] [3] Several traditional Framingham risk factors for cardiovascular disease were not recorded in our administrative databaseincluding systolic blood pressure, total and high-density lipoprotein cholesterol levels, smoking history, and current use of antihypertensives-and thus could not be included as covariates. 52 Patient cardiovascular comorbidity information, however, was available for previous myocardial infarctions, congestive heart failure, peripheral vascular disease, cerebrovascular disease, diabetes mellitus without complications, and diabetes mellitus with complications, and each patient's Charlson-Deyo comorbidity index was calculated and included as a model covariate.
Conclusions
To the best of our knowledge, this study is the first to demonstrate that the deleterious effects of AKI and CKD on longterm survival after major vascular surgery are comparable and are primarily owing to the increase in cardiovascular-specific mortality. Both AKI and CKD were common in patients undergoing major vascular surgical procedures and were associated with as much as a 4-fold increase in long-term cardiovascular-specific mortality compared with patients with no kidney disease. This association was proportional to the severity of kidney disease and was unaffected by sex and markedly more pronounced in older patients. These findings reinforce the importance of preoperative CKD risk stratification through the application of consensus staging criteria for CKD using eGFR and albuminuria for all patients undergoing major vascular surgery. Preoperative and postoperative risk stratification for AKI using clinical scores and urinary biomarkers similarly can help
